1. Introduction {#sec1-microarrays-04-00503}
===============

Prostate cancer is the most frequent form of cancer in males and a leading cause of cancer death among men of all races \[[@B1-microarrays-04-00503]\]. Bone metastasis is very common in patients with advanced prostate cancer and is associated with high mortality and morbidity \[[@B2-microarrays-04-00503],[@B3-microarrays-04-00503]\]. Cancer metastasis is a complex process where the cancer cells detach from the primary site, undergo epithelial--mesenchymal transition, travel through the circulatory or lymphatic systems, and form secondary tumors \[[@B2-microarrays-04-00503],[@B3-microarrays-04-00503]\]. It has been hypothesized that the bone microenvironment serves as a rich "soil" by secreting factors that promote survival and propagation of cancer cells \[[@B2-microarrays-04-00503],[@B3-microarrays-04-00503]\]; in turn tumors secrete factors that alter the bone microenvironment to promote metastatic colonization \[[@B2-microarrays-04-00503],[@B3-microarrays-04-00503]\]. Multiple factors involved in bone metastasis, including growth factors, cytokines and matrix metalloproteinases \[[@B3-microarrays-04-00503],[@B4-microarrays-04-00503],[@B5-microarrays-04-00503]\], have already been identified, however, the mechanisms responsible for bone metastasis are not yet fully understood. Development of new therapies for the prevention and treatment of prostate cancer bone metastasis depends on understanding the dynamic reciprocal interactions between prostate cancer and the bone microenvironment.

Osteoblasts are bone forming cells of mesenchymal origin that are responsible for the synthesis and mineralization of bone matrix \[[@B6-microarrays-04-00503]\]. Prostate cancer cells interact with mesenchymal-derived tissue at the site of metastasis, which subsequently alters the bone microenvironment and contributes to the malignant progression of prostate cancer \[[@B4-microarrays-04-00503]\]. Many studies have previously investigated cancer--osteoblast interactions in the context of bone metastasis \[[@B7-microarrays-04-00503],[@B8-microarrays-04-00503],[@B9-microarrays-04-00503]\]. A number of such studies have used *in vitro* co-culture models \[[@B8-microarrays-04-00503],[@B9-microarrays-04-00503],[@B10-microarrays-04-00503]\] to explore osteoblast-tumor cell interactions and successfully identified numerous factors that contribute to bone metastasis \[[@B5-microarrays-04-00503],[@B8-microarrays-04-00503],[@B9-microarrays-04-00503],[@B10-microarrays-04-00503]\]. However, it is likely that there are other key molecules that remain unidentified.

Gene expression profiling using microarrays has proven effective in studying changes of large sets of transcripts, simultaneously. In this study, we investigated prostate cancer--osteoblast interactions using microarrays to identify novel factors that contribute to prostate cancer metastasis to bone. We co-cultured highly invasive PC3 cells with either immortalized or primary osteoblasts and profiled gene expression changes. Gene expression data analysis identified several genes, including *Il6*, *Tgfb2*, *Cxcl1*, *Mmp13*, *Ctgf*, *Sost* and lncRNA *MALAT1*, differentially regulated in co-cultures compared to monocultures. We also identified *Sost* as a regulator of *MALAT1* in PC3 cells. This study provides novel insights into cellular responses in relation to prostate cancer--osteoblast interactions with potential therapeutic implications.

2. Experimental Section {#sec2-microarrays-04-00503}
=======================

2.1. Animals {#sec2dot1-microarrays-04-00503}
------------

Wildtype C57BL/6 (WT) and *Sost*^KO^ mice (C57BL/6 background) \[[@B11-microarrays-04-00503]\] were used in this study. All animal experiments were approved by the Lawrence Livermore National Laboratory Institutional Animal Care and Use Committee and followed the U.S. National Institutes of Health "Using Animals in Intramural Research" guidelines for animal use.

2.2. Cell Culture {#sec2dot2-microarrays-04-00503}
-----------------

Mouse primary osteoblasts (OBs) were collected similar to Bellows *et al.* 1986 \[[@B12-microarrays-04-00503]\], with a few adjustments. Briefly, calvaria from 4--5 day old WT and *Sost*^KO^ mice were dissected aseptically by stripping the frontal and parietal bones of periosteum and loosely adherent tissue, cut into small pieces, and sequentially digested 3 times at 37 °C in 5 mL of collagenase solution (Collagenase 1, 2.4 mg/mL in DMEM/F-12), followed by alternating 5 mM EDTA and Collagenase digestions for 3 subsequent digestions. Isolated OBs from fractions 3--6 were seeded at 4 × 10^4^ cells/cm^2^ at 37 °C in 4 mL of collagenase solution (Collagenase 1, 0.625 mg/mL; Collagenase B, 1.875 mg/mL; CaCl2, 25 mM; in ddH20 on ice) mixed 1:2.5 with media solution (DMEM/F-12, 0.1% BSA, 25 mM Hepes, 37 °C). PC3 cells (ATCC, Manassas, VA, USA), UMR-106 cells (ATCC) and primary osteoblasts were cultured in either a 12 well plate or a 3.0 µm pore transwell insert until cells reached 50% confluency in DMEM/F-12 media supplemented with 10% fetal bovine serum and 1% Penicillin/Streptomycin. Media was changed to serum-free DMEM/F-12 media prior to addition of recombinant human SOST (R & D Systems, Minneapolis, MN, USA ) at 100 ng/mL, then cultured for 48 h prior to RNA isolation.

2.3. Microarrays {#sec2dot3-microarrays-04-00503}
----------------

PC3 cells and UMR-106 cells cultured under mono- or co-culture conditions for 48 h were isolated by centrifugation and total RNA was extracted using an RNeasy Mini Kit (QIAGEN, Valencia, CA, USA, according to the manufacturer's guidelines. Samples were biotin labeled and hybridized on Human Genome U133 Plus 2.0 oligonucleotide array (PC3) and Rat Genome 230 2.0 Array (UMR-106) (Affymetrix, Santa Clara, CA, USA), according to the manufacturer's recommendations. Microarray data analysis was conducted using Bioconductor \[[@B13-microarrays-04-00503]\]. Data preprocessing and normalization were performed using Robust Multi-chip Average (RMA) protocol \[[@B14-microarrays-04-00503]\]. Subsequently, we filtered the data using the nsfilter function from the genefilter package on bioconductor to remove invariant transcripts and to exclude Affymetrix control probes. Genes differentially expressed between different conditions were identified using the empirical Bayes method implemented in Linear Models for MicroArray (LIMMA) package \[[@B15-microarrays-04-00503]\]. Genes with an FDR corrected *p*-value less than 0.05 and fold change greater than 2 were considered significantly differentially expressed. Heat map analysis was conducted using the "heatmap.2" function from the R package gplots. The raw microarray data have been deposited in the Gene Expression Omnibus (GEO accession number: GSE73044).

We also obtained metastatic and primary prostate cancer patient gene expression data from GEO (GSE3325) and identified genes differentially expressed between metastatic prostate cancer and clinically localized primary prostate cancer as described above. Differentially expressed genes identified in the PC3-UMR co-culture assay were subsequently compared to genes differentially expressed in metastatic prostate cancer patient samples and potential candidate genes associated with prostate cancer metastasis that are also inducible by factors secreted by osteoblasts were identified.

2.4. Functional Annotation {#sec2dot4-microarrays-04-00503}
--------------------------

Gene Ontology analysis was performed using ToppGene Suite \[[@B16-microarrays-04-00503]\]. GO terms with FDR corrected *p*-value \< 0.05 were considered enriched. Protein interactions maps for differentially expressed genes were generated using GeneMANIA \[[@B17-microarrays-04-00503]\] and Cytoscape \[[@B18-microarrays-04-00503]\].

2.5. Immunocytochemistry {#sec2dot5-microarrays-04-00503}
------------------------

UMR-106 cells and PC3 cells were grown in DMEM/F-12 media supplemented with 10% fetal bovine serum and 1% Penicillin/Streptomycin until the cells reached 50% confluency. Subsequently, the cells were added to transwell inserts with 3 µm pore size and the media was changed to serum free media. Cultures were incubated for 48 h prior to fixation with 4% paraformaldehyde. Cell membranes were permeabilized with 0.1% Triton X-100 prior to blocking in PBST + 10% fetal bovine serum and staining with 5 µg/mL of Sost antibody (AF1589, R & D Systems) in blocking buffer for 1 h. Subsequent secondary antibody staining was performed for 1 h with Alexa Fluor^®^ 594 goat anti-Mouse Secondary Antibody followed by DAPI staining. Imaging was performed using a Leica DM50000B.

2.6. Quantitative PCR {#sec2dot6-microarrays-04-00503}
---------------------

Total RNA was purified using RNeasy Mini Kit (QIAGEN, Valencia, CA, USA) according to manufacturer's protocol. Superscript III First-Strand Synthesis System (Invitrogen, Grand Island, NY, USA) was used with random hexamer primers for reverse transcription according to manufacturer's protocol. Real time quantitative PCR was then performed with SYBR Select Master Mix (Applied Biosystems, Grand Island, NY, USA) using a Applied Biosystems 7900HT Fast Real-Time PCR System with the following cycling conditions: 50 °C for 2 min for SYBR then 95 °C for 3 min (2 min for SYBR), followed by 40 cycles of 95 °C for 3 s (10 s for SYBR) and 30 s at 60 °C. Data were normalized to control genes (GAPDH) and fold changes were calculated using the comparative *C*~T~ method \[[@B19-microarrays-04-00503]\]. Three independent replicates were analyzed per condition. Primers used for quantitative PCR (qPCR) are given in [Supplementary Table 1 (Table S1)](#microarrays-04-00503-s001){ref-type="supplementary-material"}.

3. Results {#sec3-microarrays-04-00503}
==========

3.1. Molecular Changes in Osteoblasts Co-Cultured with Prostate Cancer Cells {#sec3dot1-microarrays-04-00503}
----------------------------------------------------------------------------

To understand how factors secreted by prostate cancer cells regulate gene expression in osteoblasts we co-cultured rat osteosarcoma derived osteoblastic cells (UMR-106) with an osteolytic prostate cancer cell line (PC3) on transwell plates without physical contact ([Figure 1](#microarrays-04-00503-f001){ref-type="fig"}A). UMR cells were also cultured alone as the control. By comparing gene expression in osteoblast co-cultures to monocultures we identified 113 up- and 63 down-regulated genes ([Figure 1](#microarrays-04-00503-f001){ref-type="fig"}B, [Table S2](#microarrays-04-00503-s001){ref-type="supplementary-material"}). Differentially expressed genes included several known regulators of bone metabolism, such as *Gpnmb* \[[@B20-microarrays-04-00503]\], *Fhl2* \[[@B21-microarrays-04-00503]\], *Mgp* \[[@B22-microarrays-04-00503]\], *Enpp1* \[[@B23-microarrays-04-00503]\] and *Phex* \[[@B24-microarrays-04-00503]\].

![Co-culture of UMR-106 osteoblastic cells with prostate cancer cells (PC3) promotes changes in gene expression. (**A**) UMR-106 cells were cultured alone or with PC3 cells in transwells, and gene expression changes were quantified using microarrays; (**B**) 113 and 63 genes were found differentially expressed between UMR cells co-cultured with PC3 cells compared to UMR cells alone; (**C**) a subset of these differentially transcribed genes were confirmed using qPCR; and (**D**) immunocytochemistry showed a reduction in Sost protein expression in UMR cells co-cultured with PC3 cells (UMR + PC3) compared to UMR cells cultured alone (UMR alone).](microarrays-04-00503-g001){#microarrays-04-00503-f001}

Factors secreted by osteoblasts have been shown to play a major role in regulating cancer metastasis to bone \[[@B25-microarrays-04-00503],[@B26-microarrays-04-00503]\]. This prompted us to investigate the changes in the regulation of the osteoblast secretome in response to osteoblast-prostate cancer interactions. Our analysis identified 41 genes encoding secreted proteins ([Table 1](#microarrays-04-00503-t001){ref-type="table"}) that are more than two-fold up- or down-regulated in osteoblast co-cultures compared to monocultures. We also found Wnt pathway inhibitors *Sost* \[[@B27-microarrays-04-00503]\] and its paralog *Sostdc1* \[[@B28-microarrays-04-00503]\] with altered expression in co-cultured osteoblasts. *Sost* expression was significantly down-regulated, while its paralog *Sostdc1* was significantly up-regulated in co-cultured osteoblasts ([Table 1](#microarrays-04-00503-t001){ref-type="table"}). Using qPCR we confirmed the differential expression of a subset of genes, including *Mmp13*, *Ctgf*, *Il-6*, *Adamts1*, *Sost* and *Sostdc1* ([Figure 1](#microarrays-04-00503-f001){ref-type="fig"}C), in osteoblast co-cultures.

microarrays-04-00503-t001_Table 1

###### 

Genes encoding secreted proteins more than two-fold up- or down-regulated in UMR-106 osteoblastic cells co-cultured with PC3 cells compared to UMR cells cultured alone.

  Gene        Log2 Fold Change   Adjusted *p*-Value
  ----------- ------------------ --------------------
  *Mmp13*     7.379              0.00268
  *Lbp*       4.111              0.00578
  *Wisp2*     3.857              0.01510
  *Slpi*      3.636              0.00614
  *A2m*       3.472              0.01160
  *Cp*        3.436              0.01553
  *Il1rl1*    3.408              0.01955
  *Igfbp5*    3.005              0.01046
  *Il6*       2.808              0.01311
  *Cxcl1*     2.551              0.01750
  *Mgp*       2.518              0.03807
  *Fam20c*    2.289              0.01510
  *Sfrp4*     2.284              0.01831
  *Fst*       2.161              0.03814
  *Adamts4*   2.044              0.03251
  *Sostdc1*   1.968              0.01953
  *Lum*       1.745              0.01986
  *Enpp3*     1.745              0.03105
  *Sned1*     1.733              0.03146
  *Adamts1*   1.64               0.03251
  *Gpx3*      1.587              0.02450
  *Adamts5*   1.515              0.03793
  *Fndc1*     1.454              0.03494
  *Igfbp4*    1.452              0.03072
  *Col3a1*    1.435              0.03793
  *Col14a1*   1.427              0.04376
  *Clec11a*   1.425              0.03089
  *Ecm1*      1.352              0.04301
  *Enpp1*     1.328              0.03564
  *C1qtnf1*   1.308              0.04556
  *Ctgf*      1.30               0.03807
  *Tgfb2*     1.194              0.04545
  *Cgref1*    −1.174             0.04376
  *Pcsk6*     −1.485             0.03793
  *Apln*      −1.563             0.02821
  *Bmp3*      −1.722             0.02335
  *Cd55*      −1.738             0.02369
  *Metrnl*    −1.849             0.01974
  *Bmper*     −2.128             0.01553
  *Sost*      −2.83              0.01510
  *Mamdc2*    −2.859             0.01953

3.2. Functional Analysis of Differentially Regulated Genes {#sec3dot2-microarrays-04-00503}
----------------------------------------------------------

A gene ontology (GO) analysis of differentially expressed genes was performed using ToppGene Suite \[[@B16-microarrays-04-00503]\]; "response to hormone", "extracellular matrix organization", "cell migration", "ossification" and "vasculature development" were identified to be a few of the most enriched biological processes. The top 200 enriched biological processes are listed in [Table S3](#microarrays-04-00503-s001){ref-type="supplementary-material"}, while most relevant GO terms and associated genes are listed in [Table 2](#microarrays-04-00503-t002){ref-type="table"}. Of all the differentially expressed genes, secreted signaling proteins *Tgfb2*, *Il-6*, *Cxcl1*, and *Ctgf* and metallopeptidases *Mmp13*, *Adamts4*, and *Adamts5* were of particular interest, as these genes have previously been shown to play a role in regulating cancer migration and invasion \[[@B29-microarrays-04-00503],[@B30-microarrays-04-00503],[@B31-microarrays-04-00503],[@B32-microarrays-04-00503],[@B33-microarrays-04-00503],[@B34-microarrays-04-00503],[@B35-microarrays-04-00503],[@B36-microarrays-04-00503]\] and bone remodeling \[[@B37-microarrays-04-00503],[@B38-microarrays-04-00503],[@B39-microarrays-04-00503],[@B40-microarrays-04-00503],[@B41-microarrays-04-00503]\].

microarrays-04-00503-t002_Table 2

###### 

Enriched gene ontology terms associated with genes differentially expressed between UMR cells co-cultured with PC3 cells and UMR monocultures.

  GO (Gene Ontology) ID   GO Term                              Genes
  ----------------------- ------------------------------------ -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  GO:0001503              Ossification                         *Sost*, *Col13a1*, *Cebpb*, *Cebpd* ,*Dhrs3*, *Enpp1*, *Ifitm1*, *Ecm1*, *Sbno2*, *Tgfb2*, *Phex*, *Bmp3*, *Junb*, *Fam20c*, *Igfbp5*, *Mgp*, *Phospho1*, *Egr2*, *Jag1*, *Ctgf*, *Gpnmb*, *Mmp13*, *Fhl2*, *Csgalnact1*, *Il6*
  GO:0009725              Response to hormone                  *Hhex*, *Sost*, *Sfrp4*, *Rarb*, *Enpp1*, *Fos*, *Dusp1*, *Gatm*, *Cd55*, *Irf1*, *Cav1*, *Nr4a1*, *Stat3*, *Tgfb2*, *Cryab*, *Junb*, *Btg2*, *Egr1*, *Egr2*, *Ass1*, *Kcnma1*, *Prkar1b*, *Ctgf*, *Fhl2*, *Gng5*, *Il6*
  GO:0030198              Extracellular matrix organization    *Col3a1*, *A2m*, *Col13a1*, *Adamts4*, *Pdgfra*, *Pecam1*, *Adamts5*, *Itgb3*, *Tgfb2*, *Col14a1*, *Ctgf*, *Lum*, *Mmp13*, *Csgalnact1*
  GO:0016477              Cell migration                       *Col3a1*, *Pde4b*, *Ddx58*, *Pdgfra*, *Pecam1*, *Ifitm1*, *Cav1*, *Lbp*, *Nr4a1*, *Ecm1*, *Cxcl1*, *Adarb1*, *Itgb3*, *Stat3*, *Ednrb*, *Tgfb2*, *Thbd*, *Igfbp5*, *Jag1*, *Ctgf*, *Bmper*, *Nexn*, *Il6*
  GO:0045595              Regulation of cell differentiation   *Col3a1*, *Sox6*, *Sfrp4*, *Rarb*, *Cebpb*, *Cebpd*, *Pdgfra*, *Metrnl*, *Enpp1*, *Fos*, *Ntrk1* ,*Dusp6*, *Tmem176a*, *Ifitm1*, *Sostdc1*, *Irf1* , *Irx3* ,*Cav1*, *Itgb3*, *Zfp36*, *Stat3*, *Ednrb*, *Tgfb2*, *Junb*, *Fam20c*, *Bcl11b*, *Igfbp5*, *Jag1*, *Errfi1*, *Col14a1*, *Mafb*, *Ctgf*, *Maff*, *Tesc*, *Fst*, *Il6*, *Maf*
  GO:0008283              Cell proliferation                   *Hhex*, *Sfrp4*, *Rarb*, *Cebpb*, *Pdgfra*, *Adamts1*, *Ntrk1*, *Cd55*, *Etv4*, *Ifitm1*, *Irf1*, *Cav1*, *Nr4a1*, *Ecm1*, *Cxcl1*, *Adarb1*, *Itgb3*, *Stat3*, *Ednrb*, *Tgfb2*, *Wisp2*, *Tbx18*, *Slfn3*, *Junb*, *Bcl11b*, *Btg2*, *Apln*, *Igfbp4*, *Igfbp5*, *Egr1*, *Ifitm3*, *Cgref1*, *Clec11a*, *Jag1*, *Prkar1b*, *Ctgf*, *Il1rl1*, *Tesc*, *Gpnmb*, *Bmper*, *Fst*, *Csgalnact1*, *Il6*
  GO:0001944              Vasculature development              *Col3a1*, *Hhex*, *Sfrp4*, *Ddah1*, *Pdgfra*, *Adamts1*, *Ntrk1*, *Pecam1*, *Cav1*, *Nr4a1*, *Ecm1*, *Itgb3*, *Tgfb2*, *Junb*, *Zfp36l1*, *Egr1*, *Jag1*, *Errfi1*, *Ctgf*, *Bmper*, *Il6*

To better understand how secreted signaling proteins *Tgfb2*, *Il-6*, *Cxcl1*, and *Ctgf* may be involved in potentially regulating a complex biological process such as bone metastasis, we examined these genes in the context of protein interaction networks. GeneMANIA \[[@B17-microarrays-04-00503]\] and Cytoscape \[[@B18-microarrays-04-00503]\] were used to generate and visualize protein interactions between these genes and related genes in the network. This interaction data included physical and predicted protein--protein interactions. An integrated network of *Tgfb2*, *Il-6*, *Cxcl1*, and *Ctgf* interactions revealed several putative binding partners in osteoblasts and/or prostate cancer and suggested that these secreted cytokines may control up-regulated transcription factors *Junb*, *Cebpb* and *Stat3* in osteoblasts ([Figure 2](#microarrays-04-00503-f002){ref-type="fig"}). These transcription factors have been shown to play a major role in regulating bone metabolism \[[@B42-microarrays-04-00503],[@B43-microarrays-04-00503],[@B44-microarrays-04-00503],[@B45-microarrays-04-00503]\]. This analysis also revealed several other up-regulated genes such as *A2m* and *Nfkbiz* as members of *Il-6*, *Cxcl1*, *Ctgf*, and *Tgfb2* interactome ([Figure 2](#microarrays-04-00503-f002){ref-type="fig"}). Future experimental studies may validate the potential role up-regulation of *Il-6*, *Cxcl1*, *Ctgf*, and *Tgfb2* may have in promoting cancer cell migration, invasion, and cancer-induced bone metabolism.

![An integrated network of *Tgfb2*, *Il*-*6*, *Cxcl1*, and *Ctgf* interactions generated using GeneMANIA and Cytoscape. Query genes (triangles) and up-regulated genes (diamonds) are highlighted.](microarrays-04-00503-g002){#microarrays-04-00503-f002}

Metallopeptidases *Mmp13*, *Adamts4*, and *Adamts5* are associated with the enriched gene ontology term "extra cellular matrix organization". These metallopeptidases regulate bone remodeling by degrading components of the extracellular matrix, particularly the collagens and aggrecans \[[@B36-microarrays-04-00503],[@B41-microarrays-04-00503],[@B46-microarrays-04-00503]\]. We found *Mmp13* to increase greater than 60 fold in osteoblast co-cultures compared to monocultures ([Figure 1](#microarrays-04-00503-f001){ref-type="fig"}C). *Mmp13* has also been shown to regulate cancer-induced osteolysis \[[@B47-microarrays-04-00503],[@B48-microarrays-04-00503],[@B49-microarrays-04-00503]\]. *Adamts4* and *Adamts5* have been shown to promote cell growth and invasion \[[@B36-microarrays-04-00503]\]. We also identified another up-regulated Adam family member, *Adamts1*, in osteoblast co-cultures and confirmed the differential regulation of this transcript by qPCR ([Figure 1](#microarrays-04-00503-f001){ref-type="fig"}C). Up-regulation of these metallopeptidases may enhance bone remodeling and promote prostate cancer invasion and growth \[[@B36-microarrays-04-00503],[@B48-microarrays-04-00503]\].

3.3. Effect of Bone Microenvironment Derived *Sost* on PC3 Gene Expression {#sec3dot3-microarrays-04-00503}
--------------------------------------------------------------------------

Microarray data showed that the Wnt pathway inhibitor *Sost* was down-regulated in osteoblast co-cultures compared to osteoblast monoculture. We confirmed this observation using qPCR and found a \~3.5-fold reduction in *Sost* expression in osteoblast co-cultures compared to monocultures ([Figure 1](#microarrays-04-00503-f001){ref-type="fig"}C). We also evaluated changes in Sost protein expression using immunocytochemistry and found a significant reduction in Sost expression in UMR cells co-cultured with PC3 cells compared to UMR cells cultured alone ([Figure 1](#microarrays-04-00503-f001){ref-type="fig"}D). Wnt signaling has been shown to play a major role in regulating bone metabolism and loss of function of *Sost* leads to increased bone formation \[[@B27-microarrays-04-00503]\]. Disregulated Wnt signaling has also been shown to play a major role in cancer progression and metastasis \[[@B50-microarrays-04-00503],[@B51-microarrays-04-00503],[@B52-microarrays-04-00503],[@B53-microarrays-04-00503]\]. This led us to hypothesize that elevated Wnt signaling in the cancer microenvironment due to reduced *Sost* expression may have a significant effect on prostate cancer metastasis. To understand how *Sost* levels in the bone microenvironment effect prostate cancer gene expression we co-cultured prostate cancer cells with primary osteoblasts purified from WT and *Sost*^KO^ calvaria and measured gene expression changes in the PC3 cells ([Figure 3](#microarrays-04-00503-f003){ref-type="fig"}A).

![Co-culture with WT and *Sost*^KO^ osteoblasts (OB) elicited different transcriptional changes in PC3 cells. (**A**) OBs were isolated and co-cultured with PC3 cells in transwells. 48 h post-plating RNA was isolated and analyzed using microarrays; (**B**) Heat map showing genes up-regulated in both PC3-WT osteoblast (PC3.WT.OB) co-cultures compared to PC3 alone and PC3-*Sost*^KO^ osteoblast (PC3.SostKO.OB) co-cultures compared to PC3-WT osteoblasts. Individual samples are represented as columns and genes as rows. Four genes from this list, *MALAT1*, *CLCN5*, *MLL3* and *SLC25A36* (in blue rectangle), were found to be up-regulated in metastatic prostate cancer compared to clinically localized cancer.](microarrays-04-00503-g003){#microarrays-04-00503-f003}

Our results showed 88 genes up- and one gene down-regulated in response to altered *Sost* expression ([Table S4](#microarrays-04-00503-s001){ref-type="supplementary-material"}). Of all the significantly up-regulated transcripts, probes corresponding to 44 transcripts were elevated greater than 1.5-fold in PC3-*WT* osteoblast co-cultures compared to PC3 monocultures ([Figure 3](#microarrays-04-00503-f003){ref-type="fig"}B). Gene ontology analysis of differentially expressed genes revealed that lack of *Sost* in the bone microenvironment up-regulated several genes associated with the GO term "chemotaxis" including *MET*, *PDGFA*, *FER*, *NRP2*, and *EZR* in prostate cancer. Other enriched GO terms include: "cellular protein complex disassembly", "actin filament organization", "regulation of cell differentiation", and "protein phosphorylation" ([Table 3](#microarrays-04-00503-t003){ref-type="table"}).

microarrays-04-00503-t003_Table 3

###### 

Enriched gene ontology terms associated with genes differentially expressed between PC3-*Sost*^KO^ osteoblast co-cultures and PC3-WT osteoblast co-cultures.

  GO ID        GO Term                                           Genes
  ------------ ------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------
  GO:0043624   Cellular protein complex disassembly              *RPL27A*, *LIMA1*, *RPL37A*, *RPL38*, *MAP1B*, *EML4*, *RPS11*, *TWF1*
  GO:0006468   Protein phosphorylation                           *SCYL2*, *JAK1*, *MET*, *HSP90B1*, *BMPR2*, *PTPRA*, *PDGFA*, *SQSTM1*, *MAP4K5*, *CAMK2D*, *CLK4*, *FER*, *FNIP1*, *ST3GAL1*, *BCL10*, *GNAS*, *DNAJC3*, *TWF1*
  GO:1902680   Positive regulation of RNA biosynthetic process   *NCOA2*, *MET*, *NCOA3*, *NRIP1*, *DDX17*, *ATRX*, *MORF4L2*, *SQSTM1*, *KAT6A*, *ELF1*, *E2F3*, *BCL10*, *MLLT10*, *SKI*, *NR1D2*
  GO:0006935   Chemotaxis                                        *EZR*, *MET*, *WASL*, *SEMA3C*, *BMPR2*, *PTPRA*, *PDGFA*, *FER*, *NRP2*, *SOS2*
  GO:0045595   Regulation of cell differentiation                *BHLHE41*, *MET*, *NCOA3*, *BMPR2*, *DDX17*, *PTPRA*, *MAP1B*, *MORF4L2*, *KAT6A*, *FNIP1*, *GNAS*, *SKI*, *TTC3*, *NR1D2*, *SOD2*
  GO:0007015   Actin filament organization                       *EZR*, *HSP90B1*, *WASL*, *LIMA1*, *FER*, *TWF1*

Next, we downloaded metastatic and primary prostate cancer gene expression data \[[@B54-microarrays-04-00503]\] from GEO (GSE3325) and identified genes differentially expressed between metastatic prostate cancer and localized primary prostate cancer. Subsequently, we compared genes differentially expressed between PC3 alone, PC3-WT osteoblast co-cultures, and PC3-*Sost*^KO^ osteoblast co-cultures to genes differentially expressed between primary prostate cancer and metastatic prostate cancer. Four genes in particular, *MALAT1*, *CLCN5*, *MLL3*, and *SLC25A36*, that were up-regulated in metastatic prostate cancer compared to primary prostate cancer were also displayed an enhanced expression in PC3-WT osteoblast co-cultures and PC3-*Sost*^KO^ osteoblast co-cultures compared to PC3 alone ([Figure 3](#microarrays-04-00503-f003){ref-type="fig"}B).

*MALAT1* is an lncRNA previously shown to promote proliferation and invasion of many cancers, including prostate cancer \[[@B55-microarrays-04-00503],[@B56-microarrays-04-00503]\]. We found *MALAT1* \~4 fold up-regulated in PC3 cells co-cultured with WT osteoblasts. Lack of *Sost* in osteoblasts further enhanced *MALAT1* expression ([Figure 3](#microarrays-04-00503-f003){ref-type="fig"}B). Up-regulation of *MALAT1* in metastatic prostate cancer ([Figure 4](#microarrays-04-00503-f004){ref-type="fig"}A) and PC3 cells co-cultured with *Sost*^KO^ osteoblasts ([Figure 3](#microarrays-04-00503-f003){ref-type="fig"}B) suggests that reduced *Sost* expression in the bone microenvironment may promote prostate cancer metastasis at least in part through the up-regulation of non-coding RNA *MALAT1*.

![LncRNA *MALAT1* is transcriptionally modulated by Sost. (**A**) Heat map showing the expression values of *MALAT1* probes in primary prostate cancer samples (primary) and metastatic prostate cancer samples (met). Individual samples are represented as columns and *MALAT1* probes as rows; (**B**) *MALAT1* was \~6-fold up-regulated in prostate cancer cells co-cultured with UMR osteoblastic cells and \~5.6-fold down-regulated in PC3 cells treated with recombinant human SOST (rhSOST) compared to prostate cancer monocultures, as confirmed by qPCR.](microarrays-04-00503-g004){#microarrays-04-00503-f004}

3.4. Sost Is a Regulator of MALAT1 in Prostate Cancer Cells {#sec3dot4-microarrays-04-00503}
-----------------------------------------------------------

Microarray revealed that *MALAT1* was up-regulated in prostate cancer cells co-cultured with WT osteoblasts compared to PC3 alone, suggesting that factors secreted by osteoblasts up-regulate *MALAT1*. Subsequently, we co-cultured PC3 cells with UMR osteoblasts and, using qPCR, confirmed that the factors secreted by osteoblasts up-regulated *MALAT1* expression in prostate cancer. The qPCR data showed a \~6-fold increase in *MALAT1* expression in PC3 cells co-cultured with UMR osteoblasts compared to PC3 monocultures ([Figure 4](#microarrays-04-00503-f004){ref-type="fig"}B). To test whether *Sost* is a regulator of *MALAT1* in prostate cancer we cultured PC3 cells with recombinant human SOST for 48 h and quantified *MALAT1* expression using qPCR. Treatment with recombinant SOST resulted in \~5.6-fold reduction in *MALAT1* expression ([Figure 4](#microarrays-04-00503-f004){ref-type="fig"}B), suggesting that *Sost* in the tumor microenvironment may have an inhibitory effect on *MALAT1* and down-regulation of *Sost* in the bone microenvironment may enhance *MALAT1* expression in prostate cancer.

4. Discussion {#sec4-microarrays-04-00503}
=============

Previous studies have shown that cancer cells secrete factors that affect growth and differentiation of bone cells \[[@B2-microarrays-04-00503],[@B3-microarrays-04-00503]\] and that the bone microenvironment secretes factors that promote cancer metastasis to bone \[[@B2-microarrays-04-00503],[@B3-microarrays-04-00503]\]. In this study, we identified several genes including the cytokines *Il-6*, *Tgfb2*, *Cxcl1*, and *Ctgf*, metallopeptidases *Mmp13*, *Adamts1*, *Adamts4*, and *Adamts5*, and transcription factors *Junb*, *Fos*, *Stat3* and *Cebpb* that were up-regulated in osteoblasts as a result of prostate cancer--osteoblast interactions. Many of these genes have previously been shown to promote cancer metastasis and/or bone remodeling \[[@B29-microarrays-04-00503],[@B30-microarrays-04-00503],[@B31-microarrays-04-00503],[@B32-microarrays-04-00503],[@B33-microarrays-04-00503],[@B36-microarrays-04-00503],[@B37-microarrays-04-00503],[@B38-microarrays-04-00503],[@B39-microarrays-04-00503],[@B47-microarrays-04-00503],[@B48-microarrays-04-00503],[@B49-microarrays-04-00503]\]. Our findings suggest that factors secreted by metastasizing prostate cancer alter osteoblastic gene expression and change the bone microenvironment in its own favor. In addition, we also show that the expression of the Wnt inhibitor *Sost* is significantly down-regulated in osteoblasts co-cultured with prostate cancer cells, strongly suggesting that in addition to modulating bone metabolism, *Sost* may also play a role in cancer--bone interaction potentially facilitating cancer metastasis to bone. Co-cultures of PC3 cells with *Sost*^KO^ and WT osteoblasts revealed lncRNA *MALAT1* as one of the most highly up-regulated transcripts in PC3 cells co-cultured with *Sost*^KO^ osteoblasts, an RNA we also found elevated in clinical samples of metastatic prostate cancer.

*MALAT1*, also known as *NEAT2*, is a highly conserved lncRNA overexpressed in several human cancers and linked to enhanced cell proliferation, migration, and/or invasion of cancers, such as: prostate \[[@B55-microarrays-04-00503]\], breast \[[@B57-microarrays-04-00503]\], lung \[[@B58-microarrays-04-00503]\], liver \[[@B59-microarrays-04-00503]\], esophageal \[[@B60-microarrays-04-00503],[@B61-microarrays-04-00503]\], pancreatic \[[@B62-microarrays-04-00503]\], gastric \[[@B62-microarrays-04-00503]\], colorectal \[[@B63-microarrays-04-00503]\], bladder \[[@B64-microarrays-04-00503]\], cervical \[[@B65-microarrays-04-00503]\], and osteosarcoma \[[@B66-microarrays-04-00503]\]. Knocking down *MALAT1* by siRNA in prostate cancer cell lines inhibited cell growth, invasion, and migration and induced cell cycle arrest in the G0/G1 phases \[[@B55-microarrays-04-00503]\]. These results indicate that *MALAT1* has a pro-proliferative and migratory role in prostate cancer. *MALAT1* has been shown to regulate tumor progression and metastasis by modulating different signaling pathways, including the Snail pathway in colon cancer \[[@B67-microarrays-04-00503]\], PI3K/Akt pathway in osteosarcoma cells \[[@B66-microarrays-04-00503]\], and ERK/MAPK pathway in gallbladder cancer cells \[[@B68-microarrays-04-00503]\]. It has also been suggested that *MALAT1* regulates splicing of pre-mRNAs by modulating SR splicing factors \[[@B69-microarrays-04-00503]\] and controls cell cycle progression and cell death by modulating transcription factors *P53*, *E2F1*, and *B*-*MYB* \[[@B70-microarrays-04-00503]\]. Here, we found *MALAT1*'s expression to be regulated by *Sost*, suggesting that altered *Sost* expression in bone microenvironment may regulate prostate cancer proliferation, migration, or invasion at least in part by modulating *MALAT1* expression in prostate cancer. Further studies will be required to elucidate the molecular mechanism by which *MALAT1* regulates prostate cancer metastasis.

In summary, we identified several potential regulators of prostate cancer bone metastasis, including the Wnt inhibitor *Sost*, that were differentially regulated in osteoblasts as a result of osteoblast-prostate cancer interactions. We also identified osteoblastic *Sost* as a major regulator of PC3 gene expression and identified lncRNA *MALAT1* as a target gene regulated by *Sost* in prostate cancer cells. Further clarification of the mechanisms by which Sost/Wnt/MALAT1 pathway regulate prostate cancer metastasis may open up new avenues of therapeutic intervention in treating prostate cancer metastasis to bone.
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